The soybean cyst nematode, Heterodera glycines, is a major plant-parasitic nematode that has caused important economic losses to Korea's soybean production. Four species of cyst nematodes, H. schachtii, H. glycines, H. trifolii, and H. sojae, all belong to schachtii group are coexist in field soil in Korea. The rapid identification of the nematode is crucial for preventing crop damage and in decision making for controlling this nematode. This study aimed to develop a species-specific primer set for quantitative PCR (qPCR) assay of H. glycines. The specific primer set (HGF1 and HGR1) for H. glycines was designed based on the cytochrome c oxidase subunit I (COI) sequence of mitochondrial DNA. After optimization, it is possible to identify the H. glycines using a qPCR assay with DNA extracted from a single cyst and single second-stage juvenile (J2). The specificity was confirmed by the absence of SYBR fluorescent signals of three other Heterodera species. A serial dilution of DNA extracted from a single cyst was obtained for the sensitivity test. The result showed that the standard curve of the test had a highly significant linearity between DNA concentration and Ct value (R 2 = 0.996, slope = −3.49) and that the detection limit concentration of DNA of the primer set was 10 pg of DNA per reaction. Our findings suggested that H. glycines could be distinguished from H. sojae and other Heterodera spe-cies when a qPCR assay is used with a specific primer set.
Soybean, one of the important food crops, is prone to being damaged by a variety of pathogens, including fungi, bacteria, viruses as well as plant-parasitic nematodes. The soybean cyst nematode, Heterodera glycines, is a more important pathogen (plant-parasitic nematode) than other pathogens since it can cause serious damage to soybean plants (Allen et al., 2017; Kim et al., 2013) ; Economic loss caused by H. glycines was estimated to be over $30,000 in Arkansas only in 1972 (Riggs, 1977) . In China, an economic loss of over $120 million (Ou et al., 2008) . Hori described the symptom caused by H. glycines on soybean as "yellow dwarf" or moon night disease in 1915, and Ichinohe identified it as H. glycines in 1952 (Subbotin et al., 2010) . H. glycines is present in many producing soybean countries (Subbotin et al., 2010) , such as Korea, Japan, China, USA, Canada, Egypt, and Taiwan (Diab, 1968; Hung, 1958; Subbotin et al., 2010; Tylka and Marett, 2017; Winstead et al., 1955; Yokoo, 1936) . Major host of H. glycines is fabaceous (Fabaceae) as well as non-fabaceous hosts (Boraginaceae, Brassicaceae, and Lamiaceae, among others), and weeds (Manuel et al., 1981; Subbotin et al., 2010) .
In the past, morphological characters have been used mainly for the identification of H. glycines. After discovery of H. schachtii on Chinese cabbage in high land in 2011, H. trifolii on Chinese cabbage in 2017, and H. sojae on soybean in 2016 which are all belong to schachtii group are discovered. However, the morphological diagnosis of the Heterodera schachtii sensu stricto group, which includes H. glycines, H. schachtii, and H. trifolii, is very difficult due to their similarity. Furthermore, a long time is required to master the skills necessary for nematode identification, moreover this process is not possible when the nematodes are mixed in the field (Powers, 2004) . To overcome these difficulties, molecular identification techniques, such as restriction fragment length polymorphism (RFLP) based on polymerase chain reaction (PCR) and PCR using speciesspecific primers or sequence characterized amplified region (SCAR) markers, have been used since the year 2000 (Amiri et al., 2002; Maafi et al., 2003; Ou et al., 2008; Subbotin et al., 2000) . Recently, research has been carried out in several countries on various diagnostic techniques for H. glycines using DNA barcode and quantitative PCR (qPCR); however, these techniques have not been studied in Korea (Vovlas et al., 2015; Ye, 2012) . qPCR with species-specific primers can allow for the rapid diagnosis of H. glycines since the amplified results of the target sequences can be confirmed in real time and because the electrophoresis of PCR products is not necessary. Therefore, the aim of this study was to develop a new species-specific primer set for the qPCR assay of H. glycines.
Materials and Methods
Nematode samples and DNA preparation. Twelve (Table 1 ). The cysts of these twelve populations were extracted using 20 and 60 mesh sieves (Barker et al., 1985) , respectively. The cyst samples were labeled with code names as follows: H. glycines (code: 392, 100, 310), H. schachtii (code: 147, 408, 166), H. trifolii (code: 137, 524, 059), and H. sojae (code: 753, 320, 407). The DNA preparation of the nematode samples were carried out according to Iwahori's methods (Iwahori et al., 2000) , with some modifications. Distilled water (autoclaved, DNase, RNase free) was dropped onto a glass slide (76 × 52 mm 2 ) using a pipette and single cyst was transferred to the distilled water on the slide. A single cyst was crushed using a filter-paper chip (1 × 1 mm 2 ) with forceps. The shell of the cyst was removed and the internal eggs of the cyst were rubbed with a new filter-paper chip. The chip was then transferred to a 0.2 ml PCR tube including 30 µl of lysis buffer (autoclaved triple distilled water, 1 M Tris-HCl, 10% Triton-X 100, 100 µg/ml proteinase K, 2 M KCl, 1 M MgCl 2 ). The PCR tube Allsheng, Hangzhou, China) . The DNA preparation of a single second-stage juvenile (J2) was also used with the above methods, except that 10 µl of lysis buffer was used.
Species-specific primer design. The sequence dataset of mitochondrial DNA cytochrome c oxidase subunit I (COI) of twenty Heterodera species was obtained from the National Center for Biotechnology Information (Table 1 ) and the dataset was aligned using the Mega 7.0 program (Kumar et al., 2016) to design a specific primer set for H. glycines. The 3′-end sequence of the forward and reverse primers was designed with a species-specific sequence found only in H. glycines compared to the other Heterodera species (Seo et al., 2012) . As a result, the forward primer HGF1 (5′-GGTTTAGTTAGATTAACTATC-3′) and reverse primer HGR1 (5′-TAGTAGCTGCACTAAAATAC-3′) were selected from the dataset (Fig. 1 ).
qPCR assay with species-specific primer. The qPCR assay was performed with a species-specific primer to verify the amplification of the target sequences for H. glycines.
The reaction mixture composed of 10 µl of qPCR premix resis results and the products obtained from the assay, a single expected fragment of 175 bp was observed in H. glycines (code: 392, 100, 310), but not for the other species or NTC (Fig. 3) .
qPCR assay with DNA extracted from single J2. In this assay result, SYBR fluorescent signals were detected in all of the reactions (six biological replicates) using single J2 DNA, where the average Ct value was 30.03 ± 2.023 (Fig.  4) . The Ct value of the positive control (code: 100) was 24.86, and that of NTC was not determined because its signal was not detected. In the melting curve analysis, single peaks were observed at 76 o C (min. 76.03-max. 76.54). Thus, this assay could be used for the identification of H. glycines using a single J2 in soil.
Sensitivity test of the primer set.
For the sensitivity test, using five different concentrations (10 ng, 1 ng, 100 pg, 10 pg, and 1 pg per reaction) of H. glycines template DNA (Fig. 5) , the SYBR fluorescent signal was detected in the reaction containing template DNA at four different concentrations (100 ng, 1 ng, 100 pg, and 10 pg). The averaged Ct values of the qPCR assay were 20.80 ± 0.129, 23.98 ± 0.212, 27.37 ± 0.105, and 31.31 ± 0.138, respectively (slope, -3.49; R 2 , 0.996; efficiency, 93.43%). However, an SYBR fluorescent signal was not detected in the reaction contain-ing template DNA at a concentration of 1 pg or NTC (Ct value = undetermined). Thus, the detection limit was 10 pg per reaction.
Discussion
Molecular biological techniques have been used to classify plant-parasitic nematodes since the year 2000. The RFLP technique with conventional PCR products, a molecular technique used for the identification of H. glycines (Amiri et al., 2002; Maafi et al., 2003; Subbotin et al., 2000) , has become a tool for reporting newly discovered plantparasitic nematodes (Wang et al., 2013; Zhuo et al., 2014) . PCR with species-specific primers based on differences in the gene sequences of the targeted species has been used in many previous studies for the development of primers for Duplex PCR or SCAR markers in H. glycines (Ou et al., 2008; Subbotin et al., 2001) . Recently, a qPCR assay that does not require electrophoresis of PCR products was used to discriminate between cyst nematodes (Heterodera spp.) due to the prevalence of a qPCR cycler (Holterman et al., 2006) . Differences in the internal transcribed spacer (ITS) rDNA sequence between Heterodera spp. were used for the identification of H. glycines using a qPCR assay in 2009 in a study by Goto et al. However based on the ITS rDNA region (Zheng et al., 2000) , this ITS rDNA region could not be used for the identification of the nematode. For this reason, a qPCR assay based on the differences of another gene sequence was developed to discriminate between the Heterodera avenae group species (H. avenae, H. filipjevi, and H. latipons) by targeting the COI gene (Toumi et al., 2013 (Toumi et al., , 2015 . Several studies have adopted the COI gene for the DNA barcoding of the Heteroderidae family (Powers et al., 2018; Subbotin et al., 2018; Vovlas et al., 2015) . According to Subbotin et al. (2018) , the COI gene is a powerful barcoding marker because each species of Heterodera has a unique sequence. Furthermore, the Consortium for the Barcode of Life proposed to barcode all known species according to the DNA sequence of the COI gene (Blok and Powers, 2009 ). To the best of our knowledge, the COI gene was used for the first time for the qPCR of H. glycines. Thus, our aim was to develop a qPCR assay with species-specific primers based on the differences of the COI gene sequence.
In our study, a newly developed species-specific primer set (HGF1 and HGR1) showed a high species-specificity and amplification efficiency (slope, −3.49; R 2 , 0.996; efficiency, 93.43%). The high specificity of the primer set was confirmed by the absence of amplicons of other Heterodera species (H. schachtii, H. trifolii, and H. sojae) . This amplification efficiency could not be compared with previous studies because the primary factor was the number of nematodes instead of DNA concentration (Toumi et al., 2015) . The sensitivity test showed that the detection limit of this primer set for H. glycines was 10 pg of DNA (Fig. 4) . Nevertheless, there was no problem identifying the nematode since the concentration of the DNA extracted from a single J2 in soil was consistently over 1 ng according to the experimental data (data not shown), and the DNA was amplified when we used this qPCR assay with the primer set (Fig. 5 ). The Ct value (30.03 ± 2.023) of a single J2 was similar to that found by Goto et al. (2009) (Ct value of a single egg, 30.9 ± 0.2).
Recently, the rapid diagnosis of plant-parasitic nematodes has become a necessity in the field of agriculture. The qPCR assay technique could be used to meet this requirement. If we extract the cyst DNA using a soil compactor, as described by Goto et al. (2009) , the time taken to diagnose H. glycines would be shorter. To be able to rapidly diagnose crop damage caused by other plant-parasitic nematodes, qPCR assays should be developed continuously in the future. On the other hand, a white soybean cyst nematode (H. sojae) was newly recorded in a Korean soybean field (Kang et al., 2016) . Kang et al. (2016) distinguished H. sojae from H. glycines by the morphological differences in the vulva cone. However, because this trait could be variable and subjective according to the growth environment or the study, further research of a qPCR assay with speciesspecific primers will be necessary to be able to rapidly distinguish H. sojae from H. glycines.
